wind speed on the size distribution of marine gel particles in the surface microlayer. Here, we 9 present results on the effect of different wind speeds on the PSD of TEP and CSP during a 10 wind wave channel experiment in the Aeolotron. Total area of TEP and CSP were 11 exponentially related to wind speed in the SML. At wind speeds ＜ 6 ms −1 , a strong 12 accumulation of TEP and CSP occurred in the SML, decreasing at higher wind speed and 13 becoming depleted above wind speeds of 8 ms -1 . Wind speeds ＞8 ms -1 also significantly 14 altered the PSD slope of TEP in the 2-16 μm size range toward smaller size. Changes in 15 spectral slopes at wind speeds >8 ms -1 were more pronounced for TEP than for CSP 16 indicating a high aggregation potential for TEP in the SML, potentially enhancing the export 17 of TEP by aggregates settling out of the SML. Our experiment provided evidence for the 18 control of wind speed on the accumulation of biogenic gel particles and their PSD changes, 19 providing a useful insight into particle dynamics and biophysical processes at the interface 20 between air and sea. pivotal role in mediating processes at the air-sea interface by contributing exudates and 1 proteins released through cell disruption (Galgani and Engel, 2013). 2 Gel particle have been suggested to play an important role in air-sea exchange processes. surface to volume ratio, they are assumed to act as a cover at the interface between air and sea, 9
potentially reducing molecular diffusion rates (Engel and Galgani, 2016). Thus, the 10 enrichment of organic matter, including gels, in the SML could modulate the air-sea gas 11 exchange at low and intermediate winds (Calleja et al., 2009; Engel and Galgani, 2015; 12 Mesarchaki et al., 2015; Wurl et al., 2016) . The SML is expected to disrupt at higher wind 13 speed, but the threshold wind speed for organic matter enrichment in general, and for specific 14 components in particular, is largely unknown (Liss, 2005) . Wind was determined as a 15 principal force that controls accumulation of particulate material in the SML and as the most 16 important variable controlling the air-sea exchange of gas and particles (Frew et al., 2004; Liu 17 and Dickhut, 1998; UNESCO, 1985) . Natural slicks often occur at low wind speeds (<6 ms -1 ) 18 typically having wider area coverage for longer time in coastal seas compared to the open-19 ocean (Romano, 1996) . Using different SML sampling methods, such as the teflon plate, glass 20 plate and Garret screen (Garrett and Duce, 1980) , direct relationships between wind speed and 21 SML thickness have been determined. Yet, the influence of wind on SML thickness is not 22 clear; Liu and Dickhut (1998) observed a decrease with wind speed up to 5m s -1 , while 23 Falkowska (1999) determined an increase up to a wind speed of 8 m s -1 , beyond which the 24 thickness of the SML began to decrease. TEP enrichment in the SML has been described to 25 Biogeosciences Discuss., https://doi.org/10.5194/bg-2017-419 Manuscript under review for journal Biogeosciences Discussion started: 23 October 2017 c Author(s) 2017. CC BY 4.0 License. not understand well how the PSD of marine gel particles in the SML varies as a function of 1 wind speed and wave action. Knowledge of the characteristics of gel particles such as 2 abundance, total area and PSD in the SML, and how they relate to wind speed may improve 3 our understanding the marine primary organic aerosol-cloud feedback processes and 4 accurately estimate trace gas fluxes from the ocean to the atmosphere. Here, we assess the 5 dynamics of PSD of marine gels particles, i.e. TEP and CSP, in the SML in responses to 6 different wind speeds and bubbling. This study was conducted in 2014 with natural Atlantic 7 seawater at the 'Aeolotron' facility in Heidelberg, a large-scale annular wind-wave channel 8 that allows for full control of wind speed. water was transferred to a clear tank container and transported to the Heidelberg Aeolotron 8 facility. The 'Aeolotron' is the largest annular wind/wave facility in the world with a total 9 height of 2.4 m, and an outer diameter of 10 m. The wind speed was measured by Pitot tube 10 and anemometer. In order to compare the wind speed with measurements in the field and in 11 other facilities, the facility-specific reference wind speed U ref is of little use. Instead, the 12 friction velocity U⋆ which is separately determined and converted into the value U 10 as 13 described in Bopp and Jähne (2014) . U 10 is the wind speed which were measured in ten 14 meters height on the open ocean if the same friction velocity U⋆ as in the Aeolotron is 15 assumed. A total of 7 experiments were conducted, with stepwise increase in wind speeds 16 (equivalent to U 10 ,) ranging from 1.371 to over 18.652 ms -1 as shown in Figure1 and Table  17 1.During some of the high wind speed conditions (Table 1) , bubbles were generated in 18 addition with a profiO 2 oxygen diffuser hose to simulate strong breaking waves with bubble 19 entrainment and spray formation. About 54 meters of this tubing were installed and were 20 operated with a pressure of around 900 mbar with normal air taken from the air space of the 21
Aeolotron at a flow rate of around 100 L min -1 . In addition, on day 5, day 12 and day 23, one 22 wind speed was arranged at about 18 ms -1 with and without bubbling for about 2 hour, 23 respectively. Seawater temperature over the course of the experiment was about 21 °C ± 1. Temporal changes in hetero-and autotrophic plankton and neuston abundance and in organic 5 matter during the experiment are described in more detail in Engel et al. (2017) and are 6 summarized here only briefly. Heterotrophic microorganisms dominated cell abundance and 7 biomass in the tank during the whole study. Two peaks of bacterial abundance in the SML 8 occurred on day 4 and on day 11, respectively. On day 20, a seed culture of Emiliania huxleyi 9 (cell density: 4.6 x 10 5 cell ml -1 ) was added followed by a biogenic SML from a previous 10 experiment on day21. 11
Sampling 12
SML samples were collected with a glass plate sampler, made of borosilicate glass with 13 dimensions of 500 mm (length)×250mm (width) ×5 mm (thickness) and with an effective 14 surface area of 2000 cm 2 (considering both sides). For each sample, the glass plate was 15 inserted into the water perpendicular to the surface and withdrawn at a controlled rate of ~20 16 cm sec -1 . The sample, retained on the glass because of surface tension, was removed by a 17
Teflon wiper, and for each sample the glass plate was dipped and wiped about twenty five Whatman Ltd.), stained with 1 ml Alcian Blue solution for polysaccharidic gels and 0.5mL 7
Coomassie Brilliant Blue G (CBBG) working solution for proteinaceous gels. The excessive 8 dye was removed by rinsing the filter with Milli-Q water. Blank filters for gel particles were 9 taken using Milli-Q water. 10
Filters were transferred onto Cytoclear © slides and stored at -20 °C until microscopy analysis. 11
For each filters, 30 images were randomly taken at ×200 magnification with a light microsope 12 Zeiss microscope (Zeiss AxioScope A.1). An image-analysis software (Image J, US National 13
Institutes of Health) was used to analyze particle numbers and area. 14 The size-frequency distribution of TEP and CSP gels was described by: 15
where dN is the number of particles per unit water volume in the size range
(Mari and Kiorboe, 1996) . The factor k is a constant that depends on the total number of 18 particles per volume, and δ (δ<0) describes the spectral slope of the size distribution. The less 19 negative is δ, the greater is the fraction of larger gels. Both δ and k were derived from 20 regressions of log[dN/d(dp)] versus log[dp] over the size range 2-16 μm ESD. On day11, samples taken during wind condition 1 and 2 were contaminated and therefore 2 removed from data analysis. 3
Data analysis 4
Results from the SML samples were compared to those of bulk water and expressed as 5 enrichment factors (EF), defined as: 6
Where (C) is the concentration of a given parameter in the SML or bulk water, respectively 8 (GESAMP, 1995). Enrichment of a component is generally indicated by EF> 1, depletion by 9 EF< 1.Considering the measurement uncertainty of gel particles using microscopic method 10 within 10%, EF values >1.1 thus represent significant enrichment of gel particle in the SML, 11 while EF < 0.9 is determined to be a depletion. Enrichment or depletion was hence assumed 12 as being not unambiguously determinable for factors between 0.9 and 1.1. abundance in the SML decreased, except for day 15 and day 11, when TEP abundance 1 remained relatively stable or even increased slightly in SML at high wind speed (Fig. 3) . 2
Similar to TEP, abundance and total area of CSP decreased with increasing wind speed, 3 excluding day 11 and day 2 (Fig. 4) . The exponential decline of TEP and CSP total area in the 4 SML with increasing wind speed can be described by lny=lna+bx or y=ae bx , where x is wind 5 speed, y is gel particle total area, a is a constant depends on the total area of particles per except for TEP area on day 11 and day 15, and CSP area on day 15. In contrast to total area, 11 only 3 out of 7 observations for TEP abundance and 2 out of 7 for CSP abundance were 12 exponentially related to wind speed. Thus, the relationship between abundance of gel particles 13 in the SML and wind speeds could not be well described by an exponential 14 function. Nevertheless, the reduction of gel particles abundance and area indicated a clear 15 removal from the SML with increasing wind speed. Enrichment of gel particles, with EF＞1. 2, 16 for both abundance and total area were generally found at wind speed 2-6 ms -1 (Table 2) , 17 excluding day 15 on which high CSP enrichment in the SML (EF's Abundance =4.10 and EF's Total 18 area =3.20) was observed at wind speed of 18 ms -1 . Enrichment for both CSP and TEP was 19 higher for total area than for abundance at low wind speed (Table 2) , suggesting selective 20 enrichment of larger gel particles in the SML. Overall, no effect of varying wind speeds on the slopes of the whole size spectrum was 1 determined (p＞0.05; two-sample Kolmogorov-Smirnov test). However, a significant change 2 on TEP and CSP slopes was observed for wind speed >8 ms -1 (Fig. 5 and Fig. 6 which an obvious increase of maximal gel particle size in the SML was found except for day 9 15 (Fig. 8) . Similar to TEP, the slopes of CSP were significantly smaller at high wind speed 10 (＞8 ms -1 ) (-3.78 to -2.53, median of -3.10, n=12) than at < 8 ms -1 (-3.21 to -2.16, median of -11 2.59, n=17), again except for day15 (p＜0.05; two sample-Kolmogorov-Smirnov test) (Fig. 7) . 12 However, during the second part of the experiment, when a seed culture of E.huxleyi was 13 added on day 20, followed by a biogenic SML from a previous experiment on day 21, no 14 significant difference of CSP size distribution was observed between high and low wind 15 speeds (p=0.06, two sample-Kolmogorov-Smirnov test), and the negative effect of increasing 16 wind on the maximum size for CSP was less obvious (Fig. 8) . Compared to CSP, size 17 distribution of TEP was flatter at low and moderate wind speed (p＜0.05), and changes of 18 TEP spectral slopes related to wind speed were more pronounced (Fig. 7) . 19
Bubble effect on gel particles formation in the SML 20
An effect of bubbling on the enrichment of gel particles in the SML was seen occasionally. 21
CSP were more enriched in the SML after bubbling in terms of abundance in 6 out of 7 22 experiments, albeit the EF's were only slightly above 1.2 ( enrichments for total area were less pronounced. Although no significant overall effect of 1 bubbling on SML enrichment in gel particles was determined, it should be noted that higher 2 enrichment factors were observed after bubbling for CSP on day 11 and for TEP on day 22 3 and day 24, respectively. 4 5 4 Discussion 6
TEP and CSP in SML related to wind speed 7
Driven by the wind, the friction at the water surface generates a shear current and turbulence 8 in the sea surface microlayer and thus the transport of gases and particles across the interface 9 are closely related. The complexity of the transport processes is caused by the wind blowing 10 over the surface, which not only causes a turbulent shear layer but also generates waves that 11 interact with the turbulent shear layer. The observed differences in concentration, enrichment 12 factor and PSD in response to changes in wind speed revealed that wind speed was a factor 13 controlling of gel accumulation in the SML during the Aeolotron experiment. Similar results 14 were observed during previous studies, which showed that TEP and particulate organic matter 15 concentrations in SML were negatively related to wind speed (Liu and Dickhut, 1998; Wurl et 16 al., 2011). Compression and dilatation of the SML due to capillary waves may increase the 17 rate of polymer collision, subsequently facilitating gel aggregation at lower wind speed (3-4 18 ms -1 ) (Carlson, 1983 ). In addition, initial advection generated at wind speeds of 2-3 ms -1 , 19 maintain or enhance enrichments by increasing fluxes of potential microlayer materials to 20 surfaces (Van Vleet and Williams, 1983). As wind speed increases further (4-6 ms -1 ), wave 21 breaking is likely to increase the turbulence in the top surface layer, but does not cause 22 homogenous mixing (Melville, 1996) . This could lead to a reduced gel abundance in the SML, 23 but gel particle remain enrichment in the SML. For higher wind speeds of 8 ms -1 and above, 24 of gels in the SML. However, the exponential relationship was not observed between 9 abundance of gel particle and wind speed in this study, and no significant effect of wind speed 10 on PSD slopes was observed when including small gel particle (dp: 0.4-2 µm) into the 11 analysis. A likely explanation is that the abundance of gel particle was influenced not only by 12 turbulence levels, but also by bubble scavenging and bursting at higher speed. Particularly 13 smaller particles (submicron-micron size range), which contribute more to total gel abundance 14 rather than to total gel area, can accumulate in the SML due to bubble scavenging at high 15 wind speed. This may explain why changes in gel particles abundance did not fit well to an 16 exponential function with wind speed in our study. 17 It has also been suggested that CSP are less prone to aggregation than TEP (Engel and 18
Galgani, 2016; Prieto et al., 2002). During the Aeolotron experiment, the influence of wind 19
speed on spectral slopes was more pronounced for TEP than for CSP. In addition, size 20 distribution of CSP was not affected by wind speed, after adding the E.huxleyi seed culture. 21
Our results therefore support the idea that TEP are more prone to aggregation than CSP, and 22 potentially enhance the particle export of out of SML. Nevertheless, appearance of larger CSP 23 in the SML at low wind speed (＜8 ms -1 ) indicate that CSP are also involved in the formation 24 of surface slicks that becomes disrupted when wind speed increases. under bubbling, the enrichment factors were higher for gel abundance than for total gel area, 7
indicating an increasing amount of smaller size gel particles (a few microns) in the SML. This 8 result is consistent with observations from the high Arctic, which showed that short-chained 9 oligosaccharides might represent an important pool for the formation of small size particles 10 (microcolloids/particles) through bubbling (Gao et al., 2012). 11
Implication of biogenic microgels in the SML 12
In this study, values for EF total area of gel particles were higher than EF abundance at lower wind 13
speed. This suggests that large gel particles became selectively enriched in the SML and, due 14 to their larger surface area, may act as a cover sheet, potentially impacting processes across 15 the air-sea interface at low wind speeds. Based on the data of Aeolotron experiment, a 16 schematic diagram on interactions between physical dynamics and gel particle coverage in the 17 SML is proposed (Fig. 9) . During this study, the enrichment of TEP and CSP in the SML 18 existed until wind speed reached 6 ms -1 , with strong enrichment at about 2-4 ms -1 , at which 19 slick streaks and bands were observed visually. Although surface tension measurements were 20 not made, values for the mean square slope, a measurement of surface roughness, were two or 21 three orders of magnitude higher at wind speeds > 6 ms -1 than at wind speeds＜ 6 ms -1 (Bopp 22 et al., 2017) . The large total area of gel particle in the film may have contributed to the 23 observed reductions of wave slope, which would also imply corresponding reductions in mass 24 
Conclusion 11
Our study showed that strong enrichment of biogenic gel particles in SML can occur at low 12 speed (＜ 6 ms -1 ) despite low autotrophic productivity in the water column. A negative 13 exponential relationship between the total area of gel particles in the SML and wind speed 14 was observed in most cases. Our results showed that the PSD slope is an important parameter 15 for characterizing the shape of the gel particle size distribution in the SML and reflects the 16 particles' fate in the SML (i.e. aggregation, fragmentation, sinking and injecting into air). 17
During the Aeolotron experiment, slopes of the TEP size distribution ranging from 2 to16 μm 18 in the SML were in accordance with PSD slopes of solid particles previously observed when 19 fluid shear is dominant. Moreover, the slope of PSD for TEP (2-16μm) transported upward by bubbles. Overall, variations of gel particles sizes in the SML can 1 provide useful information on particle dynamics at the interface between air and sea. 2
To better understand the role of biogenic gel particles on biophysicochemical processes across 3 the air-sea interface, future studies should consider the full size spectrum of gels scaling from 4 nanometers to micrometers and also include their chemical composition. This could provide 5 important information on implications of marine gels for the aerosol and cloud formation as 6 well as for air-sea gas exchange. 7 8
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